Cardiovascular physiologists frequently infer directional changes in cardiac stroke volume and cardiac output from changes in aortic pulse pressure and atrial pressure. Errors are probably not infrequent. The Hamilton and Remington pressure pulse contour method can also indicate directional fluctuations in cardiac stroke volume. Comparison of the results of the two methods of analysis in situations where cardiac stroke index was changed acutely revealed good correspondence of indicated changes under conditions of simple alterations in venous return, but poor correspondence under more complex conditions such as after injections of pressor amines. C ARDIOVASCULAR physiologists and pharmacologists have long felt the need for a simple, yet reliable method for assessing acute changes in cardiac stroke volume in the closed chest dog. The correct interpretation of many hemodynamic alterations due to experimental procedures or drug action depends upon accurate knowledge of the directional change of heart output.
Cardiovascular physiologists frequently infer directional changes in cardiac stroke volume and cardiac output from changes in aortic pulse pressure and atrial pressure. Errors are probably not infrequent. The Hamilton and Remington pressure pulse contour method can also indicate directional fluctuations in cardiac stroke volume. Comparison of the results of the two methods of analysis in situations where cardiac stroke index was changed acutely revealed good correspondence of indicated changes under conditions of simple alterations in venous return, but poor correspondence under more complex conditions such as after injections of pressor amines. C ARDIOVASCULAR physiologists and pharmacologists have long felt the need for a simple, yet reliable method for assessing acute changes in cardiac stroke volume in the closed chest dog. The correct interpretation of many hemodynamic alterations due to experimental procedures or drug action depends upon accurate knowledge of the directional change of heart output.
Recently, Hamilton and Remington introduced a new method for quantitating aortic pressure pulses which incorporated several innovations. 1 Chief among these was discarding pulse wave velocity as a measure of arterial distensibility and use of arterial uptake tables based on arterial volume-pressure relations { -) rather than arterial capacity! -V \Ai> / \ &v Although calculation of cardiac and stroke index by this method shows good statistical correlation with measurements made by classical methods 2 disconcerting discrepancies frequently appear when individual comparisons are made, particularly when experimental conditions are rather extreme. There is grave doubt whether the Hamilton and Remington method can be accepted as being quantitatively valid. However, if the method is adequate for indicating directional changes in cardiac stroke volume during brief periods and conditions which preclude the use of classical methods From the Merck Institute for Therapeutic Research, .Rahway, N. J.
Received for publication Oct. ], 1952. 69 then a powerful tool has been added to the cardiovascular physiologist's armamentarium. It was with this thought that experiments were undertaken in an effort to determine what agreement existed between the directional changes of stroke index calculated by the Hamilton-Remington method and those indicated by interpretation of changes in right atrial pressure, aortic pulse pressure, and cardiac cycle time.
EXPERIMENTAL PLAN AND METHODS
Changes in cardiac stroke index were induced by two different procedures. The first consisted of venous bleeding and venous infusion. This type of experiment probably results in minimal changes in the volume-elasticity characteristics of the heart and arterial system. Alteration of stroke index by compression of great arteries or veins was avoided since such procedures either violate the assumptions on which the Hamilton-Remington calculation is based, or give spurious results. 3 The second procedure involved the use of drugs suspected of affecting the volume-elasticity characteristics of the cardiovascular system. L-epinpehrine and 1-arterenol were used for this purpose.
Dogs were anesthetized with 200 nig. per kilogram of barbital sodium intravenously preceded by 3 to 4 mg. per kilogram of morphine sulfate subcutaneeously. A rigid cannula was introduced into the aortic arch through a carotid artery for recording aortic pressure. Right atrial pressures were obtained through a rigid walled catheter introduced into the right jugular vein. A femoral vein, and sometimes a femoral artery, was cannulated for bleeding and infusion. Venous bleeding was accomplished by introducing large polythene tubing into the thoracic inferior vena cava via a femoral vein and adjusting Drugs were delivered into the inferior vena cava at about the level of the diaphragm through polythene tubing connected to a calibrated and standardized gravity system. A dose of 25 ng. of 1-epinephrine or 1-arterenol was found not to initiate severe arrhythmias but did alter calculated stroke index, atrial pressure, and aortic pulse pressure.
Aortic and atrial pressure pulses were optically recorded by Gregg type manometers of appropriate sensitivity and adequate frequency. The curves were inscribed on 12 cm. photographic paper traveling at a speed of 85 mm. per second. It was customary to record control, response, and occasionally recovery continuously even though the length of the record imposed a problem in handling. dynamic analysis. The results were then compared with the directional changes indicated by the calculated stroke indices and the degree of agreement determined.
Since interest is in agreement of pairs rather than correlation between groups the use of statistical methods is contraindicated. Per cent agreement suffices to express the results obtained.
RESULTS
A. Venous Hemorrhage. Figure 1 shows the aortic and atrial pressure pulses immediately preceding the onset of each inspiration while a dog was bled from the inferior vena cava at the rate of 322 cc. per minute for 42 seconds. Stroke indexes were calculated according to the method of Hamilton and Remington 1 with certain modifications which add either to the accuracy or convenience of the calculation. 4 The pressure pulses on which the calculation was performed were carefully chosen to avoid known limitations of the method and to minimize variables such as pressure fluctuations due to respiration. The calculation was carried out on the same pressure pulses by each of the authors independently and results compared. Agreement was usually within ±5 per cent.
MM. He
Right atrial Z and V pressures (see marked cycle, segment B, fig. 1 ), systolic and diastolic aortic pressure, aortic pulse pressure, duration of systole and diastole, and total cardiac cycle length were measured on the selected cycles. These were plotted on coordinate paper and directional changes of stroke index between selected cycles predicted objectively by hemo-The data necessary for hemodynamic analysis are assembled in table 1. The predicted directional changes in stroke index are shown in column 7. During the first 2.5 seconds of hemorrhage (compare A and B, column 1) systolic pressure decreased 3 mm. Hg while diastolic pressure declined only 1 mm. Hg. The pulse pressure, therefore, decreased from 41 to 39 mm. Hg during this interval (column 3). Cardiac length remained constant (410 milliseconds) as did the duration of systole and diastole.
Inferences regarding directional changes in stroke index derived from aortic pulse pressure and atrial pressure data must be based on recognized laws of cardiovascular dynamics. The behavior of aortic pulse pressure in response to changes in stroke volume, cardiac cycle length, and aortic diastolic volume may be summarized by the equation for pressurevolume relations in distensible systems.
Equation 1:
^-V = E Av where Ap = change in pulse pressure; Av = change in stroke volume; V = arterial capacity measured at end of diastole; and E = the volume-elasticity coefficient.
By taking cognizance of directional changes of systolic and diastolic pressure and changes in cardiac cycle length inferences can be drawn concerning directional changes in stroke volume. (For a more complete exposition see Wiggers. 5 )
The decrease of atrial Z pressure between cycles A and B may also be interpreted as indicating a decrease in stroke index. Changes in atrial pressure, particularly the Z pressure, are indicative of changes in ventricular filling pressure. Since ventricular filling pressure, initial fiber length and stroke volume are directly related under most experimental conditions 6 atrial pressure fluctuations, properly interpreted with respect to variation in cycle length, are indicative of changes in stroke volume.
Since cycle length in A and B, table 1, remained constant and, assuming that the volume-elasticity coefficient of the atriovenous system also remains constant, a decrease in Z A prediction of directional change in stroke index between cycles A and B, table 1, may be made from the above data and consideration of equation 1. The change in aortic pressure level was slight hence the volume-elasticity coefficient (E) may be assumed to remain constant. Since diastolic pressure decreased arterial diastolic volume (V) must have decreased since V is directly related to diastolic pressure. The decrease in diastolic pressure was not due to increased peripheral run-off time since the cardiac cycle time remained the same. Systolic pressure decreased more than diastolic pressure, hence pulse pressure (Ap) also decreased. Therefore, to satisfy the equation Av must also decrease. A prediction of decreased stroke volume between cycles A and B may, therefore, be made.
pressure indicates a decrease in atrial volume. Since venous return was being decreased by rapid hemorrhage it is reasonable to assume that the decrease in atrial pressure and volume was due to decreased venous return. Hence stroke index would also be reduced in accordance with the law of initial length or tension.
Both the pulse pressure and atrial pressure data indicate a reduced stroke index between cycles A and B. Similar predictions result from consideration of data from each successive pair of cycles (column 7), but limitations of space preclude a detailed analysis of each. Comparison of the predicted directional change in stroke index (column 7, B. Infusion of Blood or Saline. Table 2A presents the data obtained from a blood infusion experiment. The rate of infusion was approximately 16 cc. per minute and records were taken at three-minute intervals during infusion. or 16.5 per cent. Pulse pressure also showed the greatest increase (7 mm.) between C and D. Diastolic pressure increased 5 mm., although a decrease could have been expected in the absence of an increase in stroke index since cycle length increased 30 milliseconds. Systolic pressure increased 12 mm. Although the interpretation of diastolic pressure fluctuations are complicated by cardiac cycle length changes (and possibly vasomotor activity) systolic pressure increased more than diastolic pressure during cycles A through D. These changes in pulse pressure (column 3, table 2) indicate progressive increase in stroke index during the infusion period.
The most marked increase of calculated stroke index occurred between cycles C and D, the index increasing from 28.5 to 33.2 cc.
Atrial Z pressure (column 4) increased a total of 14 to 16 mm. saline during infusion. No change was noted during the first three minutes of infusion (A-B) although a slight decrease might have been expected had venous return remained constant since cardiac cycle time decreased 15 milliseconds. Increased venous return would tend to maintain the pressure despite the decrease in cycle time. The Z pressure did increase significantly during the remainder of infusion. Although some of the increase of pressure may have been due to increase in cycle length the pressure changes are also in agreement with an interpretation of increased venous return and, hence, increased stroke index.
After the completion of infusion (compare cycles E and F) Z pressure increased still further. Again this may have been due in part to increased cycle length. A conclusion that venous return and stroke index increased between cycles E and F based on atrial pressure change is not in agreement with conclusions drawn changes in this type of experiment. Although the calculated stroke indices indicate progressive increase during infusion, systolic pressure initially increased then decreased (cycles A through D) but diastolic pressure decreased progressively, with a resultant large increase of pulse pressure. The behavior of systolic and diastolic pressure indicates a marked decrease in peripheral resistance, probably due to change in blood viscosity, although reflex vasonotor activity may have been involved. The change in pulse pressure due to decrease in peripheral from aortic pulse pressure and calculated stroke index data, since pulse pressure decreased despite an increase in cycle length and there was a decrease in calculated stroke index.
The data presented in table 2A suggest that agreement between changes of stroke index calculated by the contour method and predicted by hemodynamic analysis is fairly good. There was 87 per cent agreement in a total of 31 •observations. Several dogs were infused with physiologic saline at rapid rates (50 to 150 cc. per minute). Table 25 contains data which illustrates the difficulty encountered when one attempts to analyze pulse pressure and atrial pressure resistance frequently obscures any change in pulse pressure due to change in stroke volume.
The Z pressure increased progressively during saline infusion but cardiac cycle length also increased. Thus, the atrial pressure rise could have been due in part or entirely to increased atrial filling time and the predicted increase in stroke index due to this and not to increased venous return. The marked increase of atrial pressure argues, however, in favor of increased venous return and, hence, increased stroke volume.
Due to the complicating effect of saline infusion on the viscosity of blood and, hence, on peripheral resistance, it is unfair to compare the results of hemodynamic analysis and the calculation of stroke indexes. The experiments and comparisons do, however, emphasize a limitation placed on both procedures.
C. Effect of l-epinephrine or l~arterenol. The experiments with these pressor drugs were characterized by a marked lack of agreement between the directional changes of stroke index derived by the two methods of analysis. Table  3 presents data from an experiment with 1epinephrine (25 ng. total dose). A good pressor response was obtained. Pulse pressure (column 3) increased markedly (cycles B through F), systolic pressure increasing more than diastolic.
Since diastolic pressure remained within the pressure limits thought to represent the range of straight line volume-elasticity function these pulse pressure changes indicate progressive increase of cardiac stroke index. The atrial Z pressure (column 4) increased rather markedly. Cardiac cycle time increased also but the increase in atrial pressure was not due to this entirely since pressure increased 23 mm. saline between cycles D and F, but cycle length did not change significantly. These atrial pressure changes may be interpreted as indicative of increased ventricular filling pressure and stroke index.
Comparisons of the cycle to cycle changes in calculated stroke index with the predicted changes (columns 7 and 8) show numerous discrepancies. Considering the changes between cycles B and C, the Z pressure, cardiac cycle length, and pulse pressure all increase. These changes strongly indicate an increase of stroke index of some magnitude during the interval B-C. The calculated stroke index, however, shows a nonsignificant decrease. The same analysis, even more striking, applies to the interval D-E.
Such marked inconsistency was noted in every experiment with 1-epinephrine or 1-arterenol. The summarized data show that in a total of 77 observations with 1-epinephrine there was 61 per cent agreement in directional change while in 72 observations with 1-arterenol there was only 40 per cent agreement.
DISCUSSION
Under some conditions directional changes in stroke index calculated by the contour method agree very well with those predicted by analysis of changes of atrial pressure and aortic pulse pressure while agreement is very poor under other conditions. Agreement is best during venous hemorrhage and infusion of blood; it is poor during rapid saline infusion and use of pressor amines.
These findings suggest that agreement is good so long as experimental procedures are confined to acute changes in venous return (with concomitant physiologic compensations). Changes in the physical characteristics of blood or the cardiovascular system appear to be the probable cause of lack of agreement.
On the basis of studies of pulse wave velocity, 7 with the aortograph and cardiometer 8 " 9 and with isolated heart preparations 10 it appears that pressor amines have the property of altering the volume-elasticity characteristics of the cardiovascular system. Thus, it might be expected that neither the Hamilton-Remington procedure or hemodynamic analysis could be reliable under such conditions since in one case the volume-pressure relation is changed and in the other the volume-elasticity coefficient is not constant (see equation 1).
There is also the possibility that pressor amines alter the pulmonary reservoir capacity and that in these brief experiments (one minute or less) the lack of agreement of the hemodynamic data from the right side of the heart (Z pressure) with the calculated change of stroke index (which depends primarily on left heart stroke output) is an indication of disparity of right and left ventricular stroke outputs during the initial pressor effect. This suggestion does not negate the idea that arterial distensibility is altered since pulse pressure changes do not agree well with calculated stroke index. It is true, however, that agreement between right atrial pressure changes and pulsepressure is also frequently poor.
The conclusion is reluctantly made that only under rather restricted conditions can the Hamilton-Remington procedures be used alone toindicate acute directional changes in stroke index. Combined use of the contour method and hemodynamic analysis may have research applications, however, since it appears possible to differentiate between responses due to simple changes in venous return with the accompany-ing cardiac and vasomotor reflex activity and changes due to more obscure phenomena. SUMMARY The acute directional changes in stroke index as indicated by the Hamilton and Remington pressure pulse contour method and by hemodynamic analysis of aortic pulse pressure and atrial pressure data were compared. The calculated and predicted changes were found to agree very well during periods of brief venous hemorrhage and venous blood infusion. Agreement was poor during saline infusion and after small doses of 1-epinephrine and 1-arterenol. It is suggested that agreement is good when venous return is changed acutely, but poor when the physical characteristics of blood or the arterial vessels are altered.
